District heating networks are commonly addressed in the literature as one of the most effective solutions for decreasing the greenhouse gas emissions from the building sector. These systems require high investments which are returned through the heat sales. Due to the changed climate conditions and building renovation policies, heat demand in the future could decrease, prolonging the investment return period. The main scope of this paper is to assess the feasibility of using the heat demand -outdoor temperature function for heat demand forecast. The district of Alvalade, located in Lisbon (Portugal), was used as a case study. The district is consisted of 665 buildings that vary in both construction period and typology. Three weather scenarios (low, medium, high) and three district renovation scenarios were developed (shallow, intermediate, deep). To estimate the error, obtained heat demand values were compared with results from a dynamic heat demand model, previously developed and validated by the authors. The results showed that when only weather change is considered, the margin of error could be acceptable for some applications (the error in annual demand was lower than 20% for all weather scenarios considered). However, after introducing renovation scenarios, the error value increased up to 59.5% (depending on the weather and renovation scenarios combination considered). The value of slope coefficient increased on average within the range of 3.8% up to 8% per decade, that corresponds to the decrease in the number of heating hours of 22-139h during the heating season (depending on the combination of weather and renovation scenarios considered). On the other hand, function intercept increased for 7.8-12.7% per decade (depending on the coupled scenarios). The values suggested could be used to modify the function parameters for the scenarios considered, and improve the accuracy of heat demand estimations.
Introduction
Highest conversion efficiency in crystalline silicon (c-Si) solar cells is enabled by quenching minority carriers' recombination velocity at c-Si/contact interface owing to carrier-selective passivating contacts [1 ] . The semiinsulating poly-crystalline silicon (SIPOS, poly-Si), with which very good passivation of c-Si surface was obtained [ 2 ] , has recently attracted attention in several research groups as a high-temperature stable carrier selective contact [3, 4, 5] . Its structure comprises n-type or p-type doped poly-Si and tunnelling SiO 2 on c-Si wafer. With such structure high efficiencies were obtained both on front / rear contacted cells and interdigitated back contacted (IBC) cells [3, 4, 6, 7] .
In this work, optimized low sheet resistance, ion-implanted LPCVD poly-Si passivating contacts are discussed alongside their implementation into n-type bulk, FSF-based IBC solar cells. The passivation quality of such passivating contacts is found to be closely related to the doping profile at the poly-Si/c-Si interface; while the optimal thickness of tunneling SiO 2 is carried out directly at device level. A main drawback in using poly-Si layer is the higher parasitic absorption, mainly due to free carrier absorption. To reduce it, in-situ doped thin PECVD Si or SiO x layers are optimized as passivating contacts to replace thick ion-implanted LPCVD poly-Si passivating contacts, aiming to improve the IBC cell efficiency from both the electrical and optical points of view.
Experimental
The process to make and the techniques to characterize symmetrical structures based on poly-Si passivating contacts and related IBC solar cells are described in this section. Our typical poly-Si passivating contact consists of an ultra-thin tunneling SiO 2 layer and a doped poly-Si layer, fabricated in a four-step process. First, the tunneling SiO 2 layer is formed on both sides of the wafer by a wet-chemical method; second, the intrinsic amorphous silicon (a-Si) is also deposited on both sides of the wafer by means of low-pressure chemical vapor deposition (LPCVD); third, an ex-situ single-sided doping process is realized using ion-implantation technique; fourth, a high temperature annealing step is carried out to activate and drive-in the implanted dopants while also turning the a-Si into poly-Si. In this work, <100> oriented, 1~5 Ωcm, 285-μm thick, double-side polished FZ wafers were used. The parameters used for the poly-Si passivating contacts preparation are listed in Table 1 . The detailed descriptions of each step are presented in the following sub-sections.
The tunneling SiO 2 layer is formed by the method of Nitric Acid Oxidation of Silicon (NAOS). Before the NAOS process, in order to remove the native oxide, the Si wafer is dipped into HF, 0.55% for 4 min. The thickness of the obtained NAOS-based SiO 2 layer is ~1.5 nm (see Section IV.A). The a-Si layer is then deposited on the NAOSbased SiO 2 layer on both sides of the wafer by a Tempress LPCVD tube furnace at a temperature of 580 ºC. After the a-Si layer deposition, an annealing step at a temperature of 600 ºC for 1 hour is used to release the stress. In order to obtain a doped a-Si layer, a Varian Implanter E500HP is used to implant P or B atoms into the a-Si layer. With such an implanter, the implantation of B or P atoms can be done with a minimum energy of 5 keV and maximum dose of 10 16 cm -2 . Therefore, the influence of the implantation parameters on the final passivation properties of poly-Si passivating contacts is studied. In this work, the P-implantation is done at fixed implantation energy of 20 keV and variable implantation dose; on the other hand, as the penetration depth of B is larger than P during the implantation, due to B atoms being smaller than P atoms, the B-implantation is done at lower fixed implantation energy of 5 keV and implantation dose of 5×10 15 cm -2 . After the ion-implantation, a high temperature process is used to activate and drive-in the dopants. A Tempress tube furnace is used to anneal the samples in N 2 atmosphere. The annealing is here done at the temperature between 850 and 950 ºC. The ramping rate for heating or cooling is 10 C/min. The effect of annealing time and atmosphere on the final passivation properties of poly-Si passivating contacts is also studied.
The injection-dependent minority carrier lifetime (τ) and implied open-circuit voltage (iV OC ) were measured by the Photoconductance Lifetime Tester (Sinton, WCT-120) using Quasi-Steady State Photoconductance (QSSPC) mode and transient mode. The values reported in this paper are taken from the transient analysis mode with an optical constant of 0.7 and at the minority carrier density of 1 x 10 15 cm -3 . Four point probe measurement was used to obtain the sheet resistance (R SH ) of the passivating contacts. In order to ensure an accurate measurement, the c-Si bulk used for the R SH measurement exhibited opposite doping type than the one of the passivating contacts under test.
The IBC solar cell is processed with our self-aligned process flow [6, 8] . It consists of P-implanted front surface field (FSF) on the front side, while the n ++ doped poly-Si as BSF and p ++ doped poly-Si as emitter are on the back side of the device. Due to the self-aligned process, there is always a gap, around 1-μm wide, between BSF and emitter, which will ensure no shunting between them. J-V curve of the IBC cells is measured with a AAA class Wacom WXS-156S solar simulator, while its series-resistance-free counterpart and its relative pFF are measured with a Sinton Suns-V OC . The reference cells for both J-V and EQE measurements were calibrated at Fraunhofer Institute for Solar Energy Systems.
LPCVD poly-Si passivating contacts
The passivation quality of doped poly-Si is thought to depend on two aspects [9] : (i) the chemical passivation due to the tunneling SiO 2 layer and (ii) the field-effect passivation at the poly-Si/SiO 2 /c-Si interfaces due to the dopants within the poly-Si layer. As the same NAOS process is used in all samples, the chemical passivation can be assumed to be equal among the samples. Thus, the variation in passivation properties obtained here is mainly attributed to the difference in the field-effect passivation.
Our results show that the symmetric sample with intrinsic poly-Si/SiO 2 layers has barely any passivation. Instead, when the ion-implanted P-dopants are mostly confined in the poly-Si material with a shallow profile in the c-Si bulk, a strong band bending is established at the poly-Si/c-Si interface, repelling the minority carriers from this interface. Therefore, a high field-effect passivation is obtained and a high minority carrier lifetime is observed, as seen in the sample with 6×10 15 cm -2 implantation dose in Fig. 1 (a) . On the other hand, also in Fig. 1(a) , no fieldeffect passivation occurs when the P-dopants are too shallow in the poly-Si material. Further, when the P-dopants diffuse too deeply in the c-Si bulk, there will be less or even no band bending on the c-Si side of the poly-Si/c-Si interface, resulting in a decrease of the passivation properties. As reported in Fig. 1(b) , the passivating behaviour of B-implanted poly-Si passivating contacts shows similar trend as of P-implanted ones. When the B atoms are confined in the poly-Si material, a good passivation is observed, but when the B atoms diffuse too deeply into the c-Si bulk, passivation properties decrease. In particular, for different samples with the same poly-Si layer thickness, Bimplantation parameters, and annealing temperature, but varied annealing time from 5 min to 30 min, B atoms diffuse deeper into the c-Si bulk for longer annealing, worsening the passivation. However, based on the simulation of tunneling and transport mechanisms, the doping tail within the c-Si bulk is necessary for an efficient carrier transport through the tunneling SiO 2 layer, which will eventually enhance the solar cell FF [10] . 
IBC solar cells with LPCVD poly-Si
Our IBC solar cells are endowed with an implanted FSF (J 0,front,text = 192 fA/cm 2 ) on FZ n-type c-Si wafers. Emitter and BSF used in our cells are labelled, respectively, sample #1 and sample #2 in Table 1 . Referring to Table 2 , in cell #1 a two-step NAOS was deployed to grow the tunneling SiO 2 layers. The first step is a 10-min long immersion in 99% HNO 3 at room temperature followed by rinsing in DI water; then, the second step is a 10-min long immersion in 68% HNO 3 at 110 C, followed by rising in DI water and drying in N 2 . With this two-step NAOS, cell #1 showed a V OC of 677 mV and FF of 76.9%. As predicted by simulation [11] , the cell FF is very sensitive to the thickness of the tunneling layer. Therefore we simplified our NAOS process by using only the abovementioned second step and we optimized it by varying the immersion time. Results at cell level reported in Fig. 2 show that the FF of the IBC cells indeed varies with the NAOS immersion time. The optimum immersion time was found to be 5 minutes, corresponding to a FF of 77.2%. Interestingly, also the V OC of the cells correlates with the NAOS process and its maximum value (694 mV) was also measured from the cell with 5-min long NAOS immersion. Thus, based on optimal NAOS-SiO 2 tunneling layer, a cell efficiency of 20.5% was obtained (cell #3 in Table 1 ). As the lift-off process was deployed for metallization, metal fingers used at the back side of the IBC cell were limited to 4-μm thick e-beam evaporated Al. To examine the limitation of FF in cell #3, the metal fingers were covered again with 1.2-μm thick Al layer, leaving a 45-μm wide gap between BSF and emitter metal fingers (cell #4 in Table 1 ). This additional metallization increased further the FF to 78.3% (at almost constant pFF). That is, the FF of our cells is also limited by the metal finger conductivity, as confirmed by the FF of 83.2% obtained in cell #2, with an area of 0.72 cm 2 . Due to higher metal coverage at the back side of cell #3, less light at longer wavelengths is lost in transmittance, increasing the cell J SC to 39.2 mA/cm 2 . This results in a final cell efficiency of 21.2%, measured without a reflecting chuck and illuminating the 3×3 cm 2 sized cell (including 2-mm wide bus bars).
The high J 0,front,text of 192 fA/cm 2 limits however the solar cell V OC and the carrier collection, as denoted in Fig. 3 , where the EQE curve of cell #4 is reported, alongside measured reflectance (R), transmittance (T). The gap between the EQE and 1-R-T represents losses due to the parasitic absorption and the recombination losses, as accurately simulated by TCAD Sentaurus-based opto-electrical modelling [10] . It is found that the main losses come from the Fig. 4 . Surface passivation quality (J 0 ) of P-ion implanted textured n-FZ wafers, which can be deployed as front side of the IBC solar cells, coated by PECVD a-Si:H/SiN x stack as a function of the a-Si:H layer thickness and the doping level. recombination, mainly from the FSF, and the parasitic absorption in the rear 250-nm thick poly-Si layers. To overcome these losses, from the electrical point of view, the FSF passivation is optimized; while from the optical point of view, more transparent novel passivating contacts are developed. The FSF passivation is optimized with 5-nm thick of a-Si:H and 75-nm thick of SiN x . The results are shown in Fig. 4 . For textured but non-implanted wafer, a 1.7-nm thick a-Si:H coated by SiN x layer is able to achieve a relatively high passivation (J 0 = 22.0 fA/cm 2 ). Increasing further the thickness of a-Si:H layer to 5 nm results in J 0 = 3.4 fA/cm 2 . However, increasing the doping level of the textured wafer increases the J 0 from 6.5 fA/cm 2 , in case of 10 14 cm -2 implantation dose, to 19 fA/cm 2 , in case of 5 × 10 14 cm -2 implantation dose. For the solar cell process, the FSF implantation dose in IBC cells #5 and #6 is fixed at 10 14 cm -2 , which is the same as cells #1 to #4, but passivated by 5 nm a-Si:H and 75 nm SiN x layer. On the back side of these cells, 3-nm thick a-Si:H and 75-nm thick SiN x layers are used to passivate the gap between BSF and emitter and to offer extra hydrogenation to the poly-Si layers. A cross-sectional sketch of the cell is shown as an inset in Fig. 5 . The solar cell parameters are listed in Table 2 . Due to the lower J 0 from the FSF, the higher V OC of 709 mV for 0.72 cm 2 cell and 705 mV for 9 cm 2 solar cell are obtained after step annealing in N 2 environment for 40 sec at 600 C with a step duration of 10 sec. The variation of V OC and FF as a function of the step annealing time is shown in Fig. 5 . The initial V OC and FF are extremely low, 654 mV and 43.4%, respectively. However, the annealing treatment increases the V OC and FF dramatically. The V OC keeps on increasing until 709 mV after 40 sec annealing. We speculate that such increase is mainly attributed to two mechanisms: (1) The high temperature offers energy that drives the H atoms inside the a-Si:H layers and at the interfaces to the right position, where they passivate Si dangling bonds; (2) at high temperature, Al reacts with the a-Si:H layer on the rear side of the cell to form Al:Si alloy, which decreases the barrier between the Al contact and the BSF/emitter, thus lowering the contact resistance. However, the FF is saturated at around 76.5% after 20 sec annealing. Such low FF is due to shunting problems in the cells. This is proved by the low shunt resistance of 0.6 kΩ/cm 2 and low pFF max of 79.3% for #6 (see Table 2 ). The I-V curve of this cell is shown in Fig. 6 as an inset; its slope in the low bias voltage range also indicates that there is shunt in the cell. The shunt path of the cell is attributed to the thin a-Si:H layer in the back side of the cell between the BSF and emitter Thanks to the low J 0 of the FSF passivation, a better carrier collection is observed in cell #6, which induces a J SC of 40.7 mA/cm 2 , the EQE curve of this cell is shown in Fig. 6 . Comparing to the EQE of cell #4, shown in Fig. 3 , the recombination loss in cell #6 is minimized due to the high passivation quality of FSF in cell #6. However, some optical losses can still be pointed out as issues to tackle to further enhance the J SC . Firstly, due to the not optimal anti-reflection on the front side of the cell, there is reflection loss in the long wavelength region, which can be seen from the high 1-R-T above 700 nm. Also in the short wavelength region, a parasitic absorption loss due to the a-Si:H/SiNx layer is noticeable. However, one of the main loss is the parasitic absorption in the 250-nm thick poly-Si BSF and emitter, due to their high free carrier absorption. The absorption coefficient of the n-type P-implanted LPCVD poly-Si passivating contract is shown in Fig. 7 . The high doping in the poly-Si material causes a higher absorption coefficient in silicon at long wavelengths, which contributes to the loss in the EQE in the same wavelength region. In order to minimize this parasitic loss, the poly-Si layer can be made thinner. Therefore in-situ P-doped PECVD poly-Si (sample #4 and #5, in Table 1 ) are optimized and it is found that the n-type poly-Si exhibits much less absorbance than the P-implanted LPCVD poly-Si, mainly due to the lower doping. However, it has still an higher absorption coefficient than that of c-Si material. For further quenching the optical loss, we alloy the poly-Si with oxygen to open the bandgap of the poly-Si material, forming a poly-Si(O) x layer (sample #6, in Table 1 ). In the short wavelength region, all poly-Si(O) x materials exhibit higher absorption coefficient than c-Si, but much lower than a standard n-type a-Si:H. On the other hand, in the long wavelength region, once the poly-Si is alloyed with O, no absorption is recorded above 880 nm. By applying thin and doped PECVD poly-Si or poly- Fig. 6 . EQE of cell #6 (see Table 2 ). Reflectance (R) and transmittance (T) are plotted as 1-R and 1-R-T. Fig. 7 . Referring to samples in Table 1 , absorption coefficient of the P-implanted LPCVD poly-Si (sample #2, orange curve), in-situ Pdoped PECVD poly-Si (sample #4, blue curve), and in-situ P-doped poly-SiO x :H (sample #6, red squares). The n-type a-Si:H (green triangles) and c-Si (black squares) curves are used here as references. 
Conclusions
Optimized ion-implanted LPCVD poly-Si with tunnelling SiO 2 passivating contacts applied in IBC solar cells are presented in this paper. The impact of doping profile at the poly-Si/c-Si interface of the passivating contacts on their passivation quality has been studied. Confining the implanted dopants within the poly-Si layer with a small indiffusion tail into the c-Si bulk, an excellent surface passivation can be achieved. The V OC and FF of the cells are found to be sensitive to the NAOS-SiO 2 tunnelling layer growth process. An a-Si:H/SiN x stack minimizes the surface recombination related to P-implanted FSF, leading to a J 0 of 6.5 fA/cm 2 and inducing a V OC as high as 709 mV by enhancing the carrier collection. The best IBC solar cell presents an efficiency of 22.1%, with V OC = 709 mV, FF = 76.6%, and J SC = 40.7 mA/cm 2 . In order to further quench the optical losses, high passivation quality poly-Si(O) x layers are developed, which shows minimized absorption coefficient in the long wavelength region. By applying such poly-Si(O) x passivating contacts on the rear of the IBC solar cell, the cell J SC will be further enhanced.
